I. Introduction
The last two decades have witnessed growing concern that the pattern of economic growth in many countries is not sustainable because of the depletion in stocks of many natural resources and the deterioration in the quality of various environmental services. These concerns have helped spawn a growing literature on "sustainable development." This emerging literature expands traditional growth-accounting approaches by giving considerable attention to natural resource stocks and environmental quality. This paper aims to advance this literature. We extend earlier work by offering a fully consistent theoretical framework that offers a clear criterion for sustainable development. This framework yields an empirically implementable measure of whether a given national economy is following a sustainable path. We apply this framework to five countries that differ significantly in terms of their stages of development and resource bases: the United States, China, Brazil, India, and Venezuela.
What Should Be Sustained if Development Is to Be Sustainable?
As sustainable development must refer to a path of development that sustains (prevents the diminishing of) something, our first requirement is to state what that "something" should be.
In a landmark report, the Brundtland Commission (World Commission, 1987: p.70 ) defined sustainable development as "... development that meets the needs of the present without compromising the ability of future generations to meet their own needs."
Note that the definition makes no mention of human well-being. Relatedly, it makes relatively weak demands on intergenerational justice. In the Commission's view, sustainable development requires that future generations have no less of the means to meet their needs than we do currently; it requires nothing more. As needs are the austere component of well-being, economic development could be sustainable in the Commission's sense without having much to show for it.
Note also that the Commission's definition is directed at sustaining the factors that go to meet needs. In their view "sustainable development" requires that relative to their populations each generation should bequeath to its successor at least as large a quantity of what may be 1 called an economy's "productive base" as it had itself inherited from its predecessor. That raises another problem with the Commission's reasoning: it does not explain how the productive base should be measured.
We take the view that economic development should be evaluated in terms of its contribution to intergenerational well-being. Specifically, we identify sustainable development with economic paths along which intergenerational well-being does not decline. In view of what is already known about the relationship between real national income and social well-being in a timeless economy (e.g., Samuelson, 1961) , we should expect that there is a measure of an economy's productive base that reflects intergenerational well-being. We show below that intergenerational well-being would not decline over a specified time-period if and only if a comprehensive measure of the economy's wealth were not to decline over the same period. By wealth we mean the social worth of an economy's entire productive base. Because the productive base consists of the entire range of factors that determine intergenerational wellbeing, we will sometimes refer to wealth as comprehensive wealth.
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What are the raw ingredients of wealth? It is intuitive that an economy's productive base comprises the entire range of capital assets to which people have access. Wealth therefore includes not only reproducible capital goods (roads, buildings, machinery and equipments), human capital (health, education, skills), and natural capital (ecosystems, minerals and fossil fuels); but also population (size and demographic profile), public knowledge, and the myriad of formal and informal institutions that influence the allocation of resources. We will see presently that reproducible capital, human capital, and natural capital enter quantitative estimates of sustainable development in a somewhat different way from population, public knowledge, and institutions.
With a complete set of competitive markets, it would be relatively straightforward to calculate wealth. One could observe the prices of assets as they are traded, or alternatively consider the present value of the flow of income generated by the assets, as revealed through forward markets. In the world as we know it, though, many of the productive assets and the goods and services they generate (e.g. public goods, human capital, institutions) are not traded; in addition, forward markets often do not exist for the associated income flows. Calculating the value of human capital, for example, has proved to be exceptionally difficult because there is no direct market for such capital. At least as problematic is the estimation of the health component of human capital (see below) and the shadow value of the stocks of various forms of natural capital (e.g., ecosystems).
Wealth and Well-Being
That movements in wealth should be used to judge the sustainability of development paths was proposed by Pearce and Atkinson (1993) , who defined sustainable development to be an economic path along which (comprehensive) wealth does not decline (see also Hamilton, 1994) . Although the Pearce-Atkinson definition was not founded on the more basic notion of intergenerational well-being, the paper influenced a bold program of research at the World Bank's Vice Presidency for Environmentally Sustainable Development, where researchers sought to estimate the composition of the wealth of nations and their movements over time (Serageldin and Steer, 1994; Serageldin, 1996; World Bank, 1997) .
These publications did not explore the connections between movements in wealth and changes in intergenerational well-being. The connections were identified independently by Hamilton and Clemens (1999) and Dasgupta and Mäler (2000) . Assuming a constant population and constant total factor productivity, Hamilton and Clemens showed that at a full optimum intergenerational well-being increases at a date t if and only if comprehensive wealth increases at t. Dasgupta and Mäler also assumed constant population, but imposed no restriction on the way economies can be mismanaged; nor did they restrict production possibility sets to be convex.
They showed that even in dysfunctional, non-convex economies intergenerational well-being increases at a date t if and only if comprehensive wealth increases at t (Proposition 1 below).
They also uncovered the connection between sustainability analysis and social cost-benefit analysis by showing that even in the latter, wealth is the implicit criterion function.
A change in comprehensive wealth at constant shadow prices is what may be called comprehensive investment. In addition to their theoretical finding, Hamilton and Clemens (1999) extended the empirical work in World Bank (1997) by constructing an improved set of estimates of comprehensive investment (they called it "genuine saving") in 120 countries for the period 1970-1996. To official figures for national saving, the authors added the value of net additions to fossil fuels and minerals, forest cover, carbon in the atmosphere, and public expenditure on education. Although comprehensive wealth in a few of the countries in their sample was found to have declined during the period, the authors estimated that it had increased in the vast majority of countries. However, as population had grown in all countries, it was unclear how the Hamilton-Clemens findings on sustainable development were to be interpreted. It may seem self-evident that when population size does not remain constant, wealth per capita tracks intergenerational well-being, but the intuition is unreliable, and in any case requires confirmation by a formal proof. Dasgupta (2001) identified a set of conditions, both on the concept of intergenerational well-being and on technological possibilities, under which per capita wealth tracks intergenerational well-being (Proposition 3 below).
In an important publication, World Bank (2006) extended the empirical findings in Hamilton and Clemens (1999) by estimating changes in (comprehensive) wealth per capita in year 2000 in 120 countries. Obliged as they were to work with so large a sample, limitations in data compelled the authors to ignore changes in a number of potentially important capital assets.
Our aim in this paper is to offer a more complete and consistent theory of the way comprehensive investment should be estimated, and to apply the theory empirically. Our empirical investigation focuses on a small set of countries that differ significantly in terms of their stages of development and resource bases.
Plan
The plan of the paper is as follows. In Section 2 we develop a basic theory and identify the propositions we need. In Section 3 we extend the theory to enable it to embrace technological change and population growth. Section 4 discusses issues relating to the implementation of the theory. In Section 5 we use data for the period 1995-2000 to study whether economic development in a selected number of countries was sustainable. Section 6 concludes and includes discussion of some of the most glaring weaknesses in our empirical work.
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The Basic Model
We assume a closed economy. Time is continuous and denoted variously by s and t (s ≥ t ≥ 0). The horizon is taken to be infinite. Let C(s) denote a vector of consumption flows at time s. C(s) includes not only marketed consumption goods but also leisure, various health services, and consumption services supplied by nature. Consumption goods are indexed by j. Let K(s) denote the stocks of a comprehensive list of capital assets at s. For simplicity, we assume that demographic changes, movements in total factor productivity, and changes in import and export prices are exogenous. Capital assets are indexed by i.
A Definition of Sustainability
To fix ideas, we assume for the moment that population is constant. Let U(C(s)) be economy-wide felicity (utility flow) at s. Denote intergenerational well-being at t by V(t). We assume that
where δ is the felicity discount rate. Thus, intergenerational well-being is the discounted flow of the felicities of current and future generations.
An economic forecast at t is the pair of vector functions {C(s),K(s)} for s ≥ t. Assume that the integral in expression (1) converges for the forecast. We now state
To save on notation, we avoid writing down an explicit dynamical model of the economy.
We note that even though the sustainability requirement (condition (2)) is defined at a particular moment in time, the element V requires a forecast of the economy's future beyond t. That future depends on the economy's stock of assets at t; it also depends on the evolving structure of technology, people's values and preferences, and institutions beyond t. The stock of assets at any moment s in the future would be determined by the stocks at the "previous" date. 2 By proceeding from moment to moment this way, the entire future course of capital stocks would be determined. With a theory of political economy that is reliable enough to track the co-evolution of economic development and the economy's institutions, we could trace institutions at s to capital stocks and the prevailing institutions at t. With no reliable theory of political economy available, changes in institutions have to be treated as exogenous events; this is what we do here.
Thus, given K(t), K(s) and C(s), and thereby U(C(s)), are determined for all future times s ≥ t.
Hence from equation (1), V(t) is determined as well. Therefore we can write
In equation (3) V depends directly on t to reflect the impact of time-varying factors that we treat as exogenous. These include changes in the terms of trade, technological change, unexplained population growth, and unexplained changes in institutions. By "unexplained" we mean exogenous and thus distinct from the changes that are endogenous to the system. Hence t can be regarded as an additional form of capital asset, an interpretation we will adopt presently. Note that we do not assume the economy to be on an optimum trajectory (see Dasgupta and Mäler, 2000) .
Shadow Prices
For simplicity of notation, we take felicity to be the numeraire. Let q j (t) denote the shadow price of consumption good j at time t. Then
We assume that V(t) is differentiable in K. 3 Differentiating V(t) with respect to t in (3) and using (2) yields a criterion for sustainable development at t:
Presently we will relate this criterion to prices and investment. Define
The variable p i (t) is the (spot) shadow price of the i th asset at t. This price represents the contribution to V(t) made by K i (t) both through the goods and services it helps produce as well as through direct enjoyment of the stock itself. A wetland is an example of a capital asset that contributes to V both ways; health is another. In imperfect economies (e.g., those experiencing 3 For a justification see Dasgupta (2001: Appendix). 6 the tragedy of the commons) an asset's shadow price can be negative even when its market price is positive.
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At any date an asset's shadow price is a function of the stocks of all assets. Moreover, the price today depends not only on the economy today, but on the entire future of the economy. So, for example, future scarcities of natural capital are reflected in current shadow prices of all goods and services. That means that shadow prices are functions of the degree to which various assets are substitutable for one another, not only at the date in question, but at subsequent dates as well.
Of course, if the conception of intergenerational well-being involves the use of high discount rates on the well-being of future generations (i.e., if δ is large), the influence on today's shadow prices of future scarcities would be attenuated. Intergenerational ethics plays an important role in the structure of shadow prices.
Equations (5) and (6) imply that the ratios of shadow prices are marginal social rates of substitution among the various capital assets. In an economy where V(t) is maximized, these marginal rates of substitution equal their corresponding marginal rates of transformation. As the latter are observable in market economies (e.g., border prices for traded goods in an open economy), shadow prices are frequently defined in terms of marginal rates of transformation.
However, marginal rates of substitution in imperfect economies do not necessarily equal the corresponding marginal rates of transformation. In our empirical application below, we sometimes use market prices as shadow prices for various forms of capital assets. In cases involving assets over whose production and distribution the market mechanism is known to be especially deficient, we invoke additional information to assess the shadow prices.
Comprehensive Wealth
To arrive at a measure of comprehensive wealth that accounts for certain exogenous changes (e.g., changes in total factor productivity), we need an additional shadow price. Let time also be regarded as a capital asset. Also, let r(t) be the shadow price of time at t:
We 
As observed earlier, comprehensive wealth is the dynamic analogue of real national income and involves the same reasoning as the one that is familiar in studies of the welfare economics of timeless economies.
A critical linkage in our analysis is between changes in comprehensive wealth at constant prices and changes in intergenerational well-being.
Proposition 1. A small perturbation to an economy increases (resp., decreases) intergenerational well-being if and only if holding shadow prices constant, it increases
(resp., decreases) comprehensive wealth.
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Proof: Let Δ denote a small perturbation. Then
But by definition, p i (t) = ∂V(t)/∂K i (t) and r(t) = ∂V/∂t. Therefore, equation (9) can be reexpressed as
Comprehensive Investment
Now p i (t)ΔK i (t) in (10) above is the shadow value of net investment in asset i, and r(t) is the shadow price of time t. Letting I i (t) = ΔK i (t)/Δt, we can write equation (10) as
5 We are considering a closed economy here. Exogenous price changes in the international prices facing a small country that exports natural resources are a different matter. There, capital gains have to be included. See Section 4.2.
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Definition 2 says that the expression on the right hand side of equation (11) Comprehensive investment has a well-known welfare interpretation. It can be shown that the shadow value of comprehensive investment is measured by the present discounted value of the changes in the consumption services that are brought about by it. In studies on sustainable development the perturbation is the passage of time itself, meaning that Δt > 0. That is the case we study in this paper.
Note that the relationship between intergenerational well-being and comprehensive wealth in Propositions 1 and 2 is an equivalence relation. The claim is that a change in comprehensive wealth has the same sign as the corresponding change in intergenerational wellbeing. The propositions on their own do not determine whether comprehensive wealth in a particular economy can be maintained or whether vital forms of natural capital have been so depleted that it is not possible for the economy to enjoy sustainable development in the future.
For example, it could be that, even though an economy experiences sustainable development for a period of time, it is incapable of enjoying it indefinitely owing to scarcity of resources or limited substitution possibilities among capital assets or because the scale of the economy is too large. Or it could be that although the economy is in principle capable of realizing sustainable development, V(t) declines along the path that has been forecast because of bad government policies.
For yet another example, consider an optimum economy, in which δ has been chosen to be so large that V(t) declines over time. This latter example demonstrates that "sustainability"
6 It may seem odd to regard the first term in equation (11) as investment, since no one in the economy is doing anything other than wait to see the corresponding asset grow. However, as waiting is a cost, it seems to us entirely appropriate to include r(t)Δt in the concept of comprehensive investment. 7 There is no settled term yet for the linear index we are calling "comprehensive investment" here. We are borrowing the term from Arrow et al. (2007) , but it has been called "genuine saving" (World Bank, 2006) . We believe the term "comprehensive investment" better captures the essential idea.
9 and "optimality" are very different concepts. It can even be that along an optimum path (i.e., a path that maximizes V) V(t) declines for a period and then increases thereafter.
Sustainable Development over an Interval of Time
Inequality (11) yields a local measure of sustainability. Integrating equation (11) from, say, s=0 to s=T, yields
Equation (12) says that in assessing whether intergenerational well-being has increased between two dates, the capital gains on the assets that have accrued over the interval should be deducted from the difference in wealth between the dates.
Our empirical applications, reported in Sections 4-5, cover the period 1995-2000.
Because the period is short and all the figures for economic variables are period averages, we interpret 1995-2000 to be a moment in time. We thus by-pass capital gains and make use of Definition 1 to determine whether the countries in our sample enjoyed sustained development.
Extensions to the Model
Here we describe a few extensions to the model. First, we show how those technological and institutional changes that are reflected in an economy's total factor productivity growth can be subsumed in comprehensive investment. Second, we describe how the model can be extended to incorporate population growth without the need for estimating the shadow price of population.
Finally, we indicate how the model can allow for transnational externalities.
Incorporating TFP Growth in Comprehensive Investment
Technological change involves investment in research and development (R&D).
Expenditure in R&D is therefore a part of comprehensive investment. But that does not take into account exogenous increases in TFP growth. Exogenous changes in TFP are reflected in the first term on the right hand side of equation (11), namely r(t) (= ∂V/∂t).
Let Y(t) denote aggregate output at t. Suppose Y(t) = A(t)F(K(t))
, where F is a constant returns to scale production function and A(t) is TFP at t. A can be interpreted to be an aggregate index of knowledge and the economy's institutions. It can therefore be regarded as yet another form of capital asset. Let γ be the rate of growth of TFP (that is, (dA/dt)/A). It can be shown that if the economy is in a steady state,
where q A (t) is the shadow price of A(t). If the rate of national saving is small, the factor
can be shown to equal 1 approximately. In that case equation (13) says that we need merely add TFP growth to comprehensive investment (equation (11)). We follow this procedure in our empirical application.
Population Change
Population is a capital asset. We have ignored it so far because population has been assumed to remain unchanged over time. Demographic change introduces complications to the analysis because we now have to add to the list of capital assets a set of (demographic) capital stocks whose shadow prices have to be estimated. This means adding to the list of capital assets the size of each cohort in the population. For simplicity we assume that cohorts are identical in their preferences and abilities. Then the size of the population, P(t), is the stock of the demographic asset. Arrow et al. (2003) developed the basics of the required analysis when a demographic theory is in hand. In the absence of a sound demographic theory we suppose that P(t), like TFP, changes exogenously over time. The effect of changes in P would then appear in the term r(t) in equation (11). It remains to find a workable way to estimate that effect and isolate it from all other factors included in r(t). To do that it is simplest to assume that excepting for population change, the economy does not experience any exogenous changes.
It could seem intuitive that when population size changes, the criterion for sustainable development should be non-declining comprehensive wealth per capita. It transpires that this is generally not true (Dasgupta, 2001; Arrow et al., 2003) . In what follows we identify conditions under which the intuition is correct.
Consider the following expression for intergenerational well-being:
s t t s t t P s U c s e ds V t P s e ds
where c(s) represents per-capita consumption at time s. Let us call the ethical theory on which expression (14) is based, dynamic average utilitarianism.
Note that the denominator in expression (14) would play no role in policy evaluation at t, because the denominator would simply be a scale factor attached to expression (14). But for sustainability analysis the denominator matters, because the evaluation there is undertaken across time.
Let k i (t) = K i (t)/P(t) represent the per capita stock of asset i and let k(t) be the vector of per capita stocks. Because population has been assumed to change at a constant rate and because by assumption the only exogenously changing variable is population, expression (14) can be written as
It can be shown that if in addition, each of the equations reflecting the economy's dynamics can be expressed in terms solely of per capita capital stocks, then ∂V(t)/∂P(t) = 0 (Dasgupta, 2001; Arrow et al., 2003) . Under those conditions we therefore have
Proposition 3. Development is sustained at t if and only if, when valued at constant shadow prices, comprehensive wealth per capita is non-decreasing at t.
The assumption that each of the equations reflecting the economy's dynamics can be expressed in terms solely of per capita capital stocks is very strong. In order to weaken it and nevertheless obtain a tractable formula, suppose the scale economies of production are such that population size enters the economy's dynamics as total factor productivity. In that case we would modify Proposition 3 by adding the percentage rate of change of population size to the rate of change in wealth. Proposition 3 and its extension just mentioned have been used in applied studies on sustainable development (Arrow et al., 2004 (Arrow et al., , 2007 .
Transnational Externalities
Countries interact with one another not only through trade in international markets, but also via transnational externalities. In our empirical application we subtract from growth in wealth the damages caused to a country by anthropogenic climate change. Hamilton and Clemens (1999) included carbon dioxide in the atmosphere in their list of assets, but regarded the shadow price (a negative number) of a country's emission to be the sum of the shadow prices of all countries. Their procedure would be valid if each country were engaged in maximizing global welfare, an unrealistic scenario. We now develop the required analysis for global public goods generally.
Let G(t) be the stock of a global public good at t. We may imagine that G is measured in terms of a "quality" index which, to fix ideas, we shall regard as carbon dioxide concentration in the atmosphere. Being a global public good, G is an argument in the V function of every country. For simplicity, we assume that there is a single private capital good. Let K n (t) be the stock of the private asset owned by residents of country n. If V n is intergenerational well-being in n, we have in the notation of the previous section,
Let g n (t) = ∂V n (t)/∂G(t). It may be that G is an economic "good" for some countries, while it is an economic "bad" for others. For the former, g n > 0; for the latter, g n < 0. Let E n (t) be the net emission rate from country n and E(t) the net aggregate emission rate. It follows that
Comprehensive investment in country n is dV n (t)/dt = r n (t) + q n (t)dK n (t)/dt + g n (t)dG(t)/dt, which, on using (17), becomes:
Note that the expression on the right hand side of equation (18) does not depend on whether the world economy is enjoying optimum international cooperation. On the other hand, dK n (t)/dt and dG(t)/dt do depend on the policies followed in other economies (e.g., whether the countries cooperate) and they affect r n (t), q n (t) and g n (t). Hamilton and Clemens (1999) and World Bank (2006) identified the "net benefit" to country n from emissions as (Σg k (t))E n (t), whereas, as equation (18) shows, the correct formula is g n (t)[ΣE k (t)]. If countries act in their own interest, the two expressions are equal only under very special circumstances (e.g., if the countries were identical).
Implementing the Theory: Measuring Changes in Capital Stocks and Estimating Shadow Prices
In an important publication, World Bank (2006) institutions, public knowledge). Natural capital was taken to include agricultural land, urban land, pasture land, energy and mineral resources, timber and non-timber forest resources, and protected areas. They found that in poor countries the shadow value of natural capital is about 25 per cent of comprehensive wealth and that the share of intangible wealth is a bit over 55 per cent.
Our approach differs from that of the World Bank in that we calculate comprehensive wealth directly from the values of the stocks of various forms of capital rather than from forecasts of a time-profile of future consumption. As is well known, the present value of the flow of aggregate consumption can only be identified with comprehensive wealth (the shadow value of an economy's entire set of capital assets) under stringent conditions. 8
Our approach also differs in the ways we calculate various components of comprehensive investment. First, we estimate investment in human capital with reference to projected changes in the work force and in labor productivity; in contrast, the World Bank identified investment in human capital with public expenditure in education. Second, we consider improvements or deteriorations in health, which were not part of the World Bank assessments. Third, we account for capital gains in our calculations of changes in wealth across various nations. In contrast, the World Bank implicitly assumed that the first term on the right hand side of equation (11) was zero (that is, r(t)Δt = 0); hence, for example, in calculating the change in wealth held in the form of oil and mineral resources, the capital gains (or losses) that should be applied to reserves were not considered. Finally, in contrast with the World Bank we allow for total factor productivity to differ across nations. In this section we describe how we implement these elements of our analysis.
For our empirical application we need to measure levels and changes in the stocks of various types of capital. In addition, we need to be able to aggregate those levels and changes to obtain estimates of comprehensive wealth and comprehensive investment. This requires applying shadow prices to each of the various stocks. Here we describe our methods for capital stocks, changes in those stocks, and shadow prices.
Valuing Net Investment in Natural Capital
To arrive at values of net investment in natural capital we need to estimate changes in resource stocks as well as the shadow prices to apply to those changes. For a nonrenewable resource such as copper, the change in the stock is simply the negative of the amount depleted (extracted) during the period. If we abstract from externalities associated with the use of the resource, the rental value will correspond to the resource's shadow price.
For renewable resources such as forests, net investment equals the increase in the forests due to natural growth and replanting, less the amount that is depleted. The shadow price is again the rental value (price less cost of cutting).
Capital Gains in Nonrenewable Resources
Oil exporting countries have enjoyed capital gains on their stocks underground. To the extent that the rental value of a nonrenewable resource rises over time, owners of the resource stock should expect to receive capital gains. Correspondingly, future consumers should expect to pay higher real prices which, other things being equal, imply a reduction in real wealth. Thus the impacts on real wealth of a given nation's residents will depend on the extent to which the residents own (and sell) or consume (purchase) the resource in question.
It appears that those impacts have not been addressed in any of the prior literature. 9 For each country, the capital gain is equal to the resource stock times the rate of increase of the export price. We equate this shadow value to current resource rents and, following Hotelling, assume that this shadow price rises at the rate of interest. Summing the capital gains over all countries gives the total capital gains to that resource. The corresponding capital losses by purchasers must equal this sum. In principle, these losses should be allocated among individual countries in accordance with their future purchases of oil. In the empirical application below we have approximated by giving each country a capital loss equal to total capital losses to consumer times that country's share of current consumption. It should be noted that in a closed economy there is no need to adjust for capital gains or losses, since the future gains to owners will be exactly offset by the losses to future consumers.
Determining the Values of Stocks of Human and Health Capital
Here we are concerned with two aspects of human capital: education and health. Each is simultaneously a productive factor and a constituent of well-being. In other words each is both a means and an end. In what follows we simplify our empirical work by regarding education solely as an input in the production of well-being and health solely as a constituent of well-being.
Human Capital
We follow the methods introduced by Klenow and Rodríguez-Clare (1997) , methods that build on the earlier work of Mincer. It is assumed that investments in education earn a market rate of interest for the period of education. Assuming a steady state as a first approximation, the amount of human capital per worker is proportional to exp(rT), where r is the appropriate rate of interest (taken to be 8.5 percent per annum) and T is the average number of years of educational attainment. The stock of human capital is the human capital per worker multiplied by the number of workers. This quantity is adjusted for mortality during the working life.
We assume that the labor market is sufficiently competitive to assure that the marginal productivity of human capital equals its shadow price and the real wage. Hence the shadow price of human capital is equal to the total real wage bill divided by the stock of human capital.
Health
Our approach to health is based on life expectancy: an increase in life expectancy translates into an improvement in health. 10 More specifically, the value of health improvements is the value that people attach to the additional years of life that result from such improvements.
To calculate the value of an additional life year, we start with estimates of the value of a statistical life (VSL). A common method for estimating VSL is to study differential wages for jobs involving differential risks of a fatal on-the-job accident.
Given the VSL, we can derive the value to individuals of an additional life year.
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Suppose for simplicity that the value to someone of an additional year of life, h, is independent of age, a. Assuming that the time discount rate is δ, we can express the value V for an individual of age a to survive to age T as
T s a T a a V a T h e ds h e
Let f(T) be the probability density that someone born will die at age T, and let F(T) be the corresponding cumulative distribution. If f(T/T≥a) is the conditional probability density of death at age T, given survival to age a, then
Let m(T) be the mortality hazard rate (the probability rate that someone aged T will die at that age), and define
Then we have the identity,
10 We do not adjust for changes in the quality of life. Such adjustments are embodied in the concept of a quality adjusted life year (QALY), a measure that has been adopted by the World Health Organization and other agencies. 11 Our approach is an extension of approaches taken by Nordhaus (2002) and Becker et al. (2005) . Ideally we would like estimates of the age-dependent value of an additional life-year, which is what is attempted in Murphy and Topel (2006) for the U.S. Limitations of data in the other countries in our sample prevent us from attempting that here.
From equations (19)- (22) we arrive at our measure of the value of health capital, H(a), of an individual of age a: it is the expected value of survival to a random age. Thus,
T a M T M a a
H a h e m T dT
Let π(a) be the proportion of people of age a. Then the per capita health capital in the economy, measured in life years, is . This is the same as the VSL. Therefore we choose the parameter h, the age-independent value of a statistical life year, in each country so as to insure this equality.
Data and Empirical Results
We use data from the period 1995-2000 to analyze whether economic development was sustainable in five countries: the United States, China, Brazil, India, and Venezuela.
Natural Capital
Natural capital includes nonrenewable energy and mineral resources as well as renewable forest and land resources. We focus on the economically most important types of natural capital, to the extent that data are available.
Oil and Natural Gas
We obtain estimates of oil and natural gas consumption, extraction, and proven reserves from the Statistical Review of World Energy (BP, 2005) . Proven reserves are the known quantity that is economically recoverable given current technology. 12 Our measure of the stock in year t, K(t), uses the total extraction, X(t), for that country and the most recent measure of proven reserves, K(T), according to:
As a simplification, we treat oil as a homogenous good, averaging over oil grades (West Texas, Nigerian Forcados, Brent, and Dubai) and over time to obtain an average price of oil for the 1995-2000 period. The average price for natural gas is also calculated as an average price over sources (US, UK, Japan, Europe) and over time. The shadow price is this average price less the extraction cost which is country specific and is obtained for both oil and natural gas from the World Bank (2006) data appendix.
Metals and Minerals
For metals and minerals, we use the reported proven and probable reserves from the
Mineral Commodity Summaries (U.S. Geological Survey, 2006). Extraction estimates for each
commodity is obtained from the World Bank (2006) data appendix. The measure of the stock for each metal and mineral in each year is calculated using only the most recent measure of the proven reserves and the extraction data as in Equation (28). World market prices and country specific extraction cost estimates are from the World Bank (2006) data appendix. For certain metals and minerals, the country specific extraction cost estimate exceeds the average world market price. If this is the case, we assume that the shadow price for this resource in this country is zero, even if the country is extracting this resource.
Forests
We obtain the total cubic meters of commercially available forests from the Global while commercially available forest cover is declining globally, it is increasing in the US, China, and India. We use the commercially available forest cover as a measure of the quantity of timber available in that country. By doing so, we are implicitly assuming that the density of wood per hectare is relatively constant. The shadow price for timber is the average market price less the extraction cost; the price and cost data are obtained from the World Bank (2006) and are country specific. The market price of timber is country specific because different types of wood have vastly different valuation and there are differences in the composition of forests by country.
Forests are valued not only for the wood that can be extracted from them, but also for the recreation, erosion control, water filtration, and habitat services they provide. The World Bank (2006) offers two estimates of annual non-timber forest benefits per hectare, one for developing countries and one for more industrialized nations. Similar to commercially available forest cover, we obtain the total forest cover for each country from the Food and Agriculture
Organization (2005) for 1990 and 2000 and impute total forest cover linearly for intermediate years.
Land
One of the most important forms of natural capital, in terms of its total value, is land.
Countries differ in their land endowments, both in area and type (e.g., agricultural, forest, urban).
The World Bank (2006) provides estimates of the quantity and value of four types of broadly defined land: forests, protected areas, cropland, and pastureland. We do not attempt to include the value of urban land and do not have the data necessary to calculate the change of land use.
Thus we treat land as fixed in composition and value for each country. Table 1 indicates the levels and changes in the stocks of the various types of natural capital we have considered. 13 Interestingly, the value of forests is greater than the value of oil in all but one of the five countries we are considering; Venezuela is the exception. For each country except the U.S., the total natural capital decreased between 1995 and 2000. In the U.S., the increase in forest area, especially commercially available forest area, offset the large declines in other forms of natural capital, particularly oil and natural gas. Of the five countries, Venezuela experienced the greatest decline in natural capital during this period, extracting 3.1 percent of its total measured natural capital.
Consolidation: Levels and Changes in Stocks of Natural Capital
Oil Capital Gains
In calculating the capital gains on stocks of oil, we allow the shadow price of oil to increase by five percent per year over the period 1995-2000. We apply this increase in the shadow price of oil to the initial (year 1995) oil stock. Thus, the overall change in the value of the oil stock is , where I(t) is the change in the stock from period t-1 to t and ( ) ( ) ( ) ( 1)
K p t I t p t K t + − ( )
p t is the change in the shadow price over this interval.
The capital gains to owners of oil are higher prices to consumers of oil. Thus, capital gains imply a redistribution of wealth from oil consumers to oil producers. We allocate the reduction to consumers' wealth by taking the world total of capital gains and distributing it as a loss to each country according to that country's share of world oil consumption. We obtain the level of proved oil reserves, oil extraction, and oil consumption for nearly every country from the
Statistical Review of World Energy (BP, 2005) and calculate the level of oil reserves in 2000 as
in Equation (28). Oil capital gains are computed from the 2000 level of oil reserves. We use the average oil consumption from 1995 to 2000 divided by the sum over all countries as the measure a country's fraction of world total oil consumption.
Reproducible Capital
The estimated stocks of reproducible capital for the five countries are taken from the data appendix to Klenow and Rodríguez-Clare (2005) . Our approach to reproducible capital differs from earlier work by the World Bank (2006) and by Arrow et al. (2004) by accounting for crosscountry ownership. Some of the stock of reproducible capital in a country is owned by investors outside of that country. Correspondingly, some of the reproducible capital outside a given country is owned by the residents of that country. Our notion of sustainability focuses on the changes in the productive base owned by a given country's residents. Thus it is important to consider changes in a country's net asset position.
In the U.S., net holdings of international assets are reported by the BEA. In developing countries, although capital flows are closely monitored, little work has been done on measuring the accumulated stocks of foreign assets and liabilities. A recent paper by Lane and MilesiFerretti (2007) provides estimates of net holdings of international assets from balance of payments and other IMF data. We use their estimates in our analysis.
Human Capital
Here we apply the approach to valuing human capital described in subsection 4.3. The shadow price of a unit of human capital is equal to the discounted sum of the wages it would receive (the rental price) over the expected number of working years remaining. To calculate the rental price for a unit of human capital, we calculate the employed human capital for a country as the average amount of human capital per worker multiplied by the number of workers. This is divided by the total wage bill to obtain a country specific annual rental price for a unit of human capital. The total wage bill in the U. for the U.S. and less than $10,000 for China and India. The large difference in this shadow price is due to differences in the discounted expected earnings potential for workers in different countries.
Environmental Capital
Extraction of natural capital and creation of manufactured wealth results in environmental externalities, such as water and air pollution. These externalities are analogous to a drawdown of wealth. We focus on one type of environmental externality, climate-related damages. Unlike other forms of natural capital, we do not attempt to estimate the total level of the environmental asset (in this case the global atmosphere); rather, we consider only the change in environmental capital.
To apply the procedure described in the previous section, we need data on global emissions of greenhouse gases during the period 1995-2000, as well as on the damage to each of the individual countries associated with these emissions. Note that the damages from these current emissions need not occur during the five-year period: future damages attributable to current emissions (through the impact on future atmospheric concentrations) are relevant to 19 We consider alternative values in a sensitivity analysis. Combining the damages-perton and emissions data, we arrive at total damages of $1,840 billion for this five-year period. We allocate these total damages to the five countries using the estimates from Nordhaus and Boyer (2000) . This study apportions the damages to each country as follows: the U.S. bears 9 percent of global loss, India bears 5 percent, Brazil bears 2 percent, China and Venezuela both bear less than 1 percent. Table 2 consolidates the changes in all of the forms of capital we have considered. As mentioned, in all countries except the U.S., the overall change in the value of natural capital is
Overall Changes in Capital: Comprehensive Investment
negative. Yet comprehensive investment is positive in all countries. In all countries except China, changes in human capital are the most important contributor to comprehensive investment, and these changes outweigh the negative influence of natural capital depletion. In the U.S., for example, human capital augmentation accounts for about 83 percent of comprehensive investment --$4.7 trillion of the $5.7 trillion billion total.
In Venezuela, the largest changes in capital stocks are those relating to natural capital.
Despite very large reductions in natural capital, comprehensive investment is positive in this country. This is partly due to sizeable capital gains on oil stocks. Without these capital gains, Venezuela's comprehensive investment would be negative. Perhaps surprising is the result that China enjoys the highest comprehensive investment among the five nations, driven by a 75 percent increase in reproducible capital over the five year period.
It should be emphasized that a key element of these calculations is the shadow or accounting price applied to each type of capital. These indicate the rate at which one form of capital can substitute for another. If the shadow prices for natural capital, in particular, are too low (high), our results will understate (overstate) the lost wealth from depletion in natural resource stocks. It should also be noted that these calculations do not account for many healthrelated elements. We discuss this issue further below.
Accounting for Population Growth and Technological Change
We next adjust the changes in comprehensive wealth to account for population growth and technological change. The first column of Table 3 reproduces the growth rate of comprehensive wealth from Table 2 . The second column indicates the annual population growth rate in each country over the interval 1995-2000. Column 3 subtracts this growth rate from the rate in column 1 to arrive at the per-capita growth rate of comprehensive wealth.
We find that Venezuela and Brazil have a negative per-capita growth rate of comprehensive wealth. As indicated in Column 1, both countries experienced an increase in comprehensive wealth; however, comprehensive wealth did not grow as much as population did.
For the U.S., China, and India, we find that comprehensive wealth grew at a more rapid pace than population.
The columns numbered 4 and 5 in Table 3 account for technological change. Under the assumptions indicated in Section 3.1, the appropriate adjustment for technological change is obtained by adding the TFP growth rate from the initially obtained growth rate of per-capita comprehensive wealth. Column 4 reports the TFP growth rate obtained from Klenow and Rodríguez-Clare (2005) . Column 5 reports the per capita comprehensive wealth growth rate adjusted for TFP growth.
The numbers in Column 5 are our ultimate indicators of whether the sustainability criterion is met (without attention to changes in health). According to our calculations, each nation except for Venezuela satisfies the criterion. For comparison, we report the per capita annual GDP growth rate in Column 6.
Several of these results may surprise. We estimate a per capita comprehensive growth rate (Column 3) that is positive but close to zero for the U.S. The cost of oil net capital gains due to the large share of world oil consumption is significant for the U.S. It is the estimated TFP growth that accounts for most of the increase in TFP-adjusted per capita comprehensive wealth.
For China, we estimate a fairly high rate of growth of comprehensive wealth, both overall (Column 1) and in per capita terms (Column 3). The high growth rate of comprehensive wealth derives in large part from that nation's significant increase in reproducible capital (evaluated at shadow prices) over the period 1995-2000, as shown in Table 2 . In addition, estimated TFP growth for China is very significant at 2.71 percent. This also contributes to the high estimate (5.63 percent) for China's TFP-adjusted per capita comprehensive wealth growth rate (Column 5).
India is quite similar to China in that the growth in comprehensive wealth is primarily due to investment in reproducible and human capital. Growth in reproducible capital is lower, population growth in India is higher, and TFP growth is lower than for China. These factors lead to the more moderate estimate (2.70 percent) for India's TFP-adjusted per capita comprehensive wealth growth rate.
For Brazil, it is the increase in human capital that accounts for nearly all the growth in comprehensive wealth. The minuscule investment in reproducible capital is less than half the loss of natural capital (primarily due to deforestation). Human capital in Brazil is growing at a rate that is only slightly more than the rate of population growth, leading to the result of a loss of per-capita comprehensive wealth growth. After adjusting for TFP growth (0.15 percent), our measure of comprehensive wealth growth is still close to zero, although now slightly positive.
Venezuela had very little investment in human and reproducible capital over the fiveyear period. The primary growth in comprehensive wealth is due to the estimated increase in scarcity rents for Venezuela's oil. The projected increase in the value of oil is not enough to offset the increase in population. Adding the estimated negative TFP growth yields a significantly negative per-capital comprehensive wealth growth rate.
Health Capital Considerations
Here we implement a discrete-time version of the approach to valuing health capital capital for an individual is the expected discounted years of life remaining multiplied by the value of an additional year of life (which is assumed to be independent of age). We use the year 26 2000 country-specific population and mortality data along with a country-specific estimate of the value of a statistical life to calculate h, the value of an additional year of life. We then use the year 2005 mortality data for each country to compute the change in the expected discounted years of life remaining and then multiply this by the country-specific h calculated using the year 2000 data in order to value the change in mortality.
Two assumptions are needed in order to compute the value of h for each country. First, we assume that individuals use a discount rate of 0.05 in valuing future years of life. Second, we assume a value of a statistical life (VSL) for each country. We perform sensitivity analysis to both of these assumptions in Section 5.9. We use the EPA estimate for VSL in the U.S. of $6. Given these assumptions, we use the population and mortality data to calculate h, the value of an additional year of life for each country:
This value of a statistical life year is the shadow price of a unit of health capital and like the other shadow prices is kept constant over the five year period. As shown in equation (25), the population data π(a) as well as the conditional mortality data f(T|T≥a) are truncated at 100 years of age. As in Section 4.3.2, a is the age of the individual, T is the year of death, and t indicates time in years.
Using year 2005 mortality data, we re-compute the denominator of the right hand side of equation (25) for each country and multiply it by h. Then by subtracting the VSL for that country, we arrive at the per capita change in the value of health capital.
Note that we are calculating the change in mortality rates from cross sectional data.
Thus, the differences in observed mortality rates reflect historical differences in the environment and in health-provision services. The (higher) mortality rate of a 50 year old relative to a 20 year old reflects the environmental conditions and health services available to the 50 year old throughout his lifetime. We use this information to project the mortality rate of a current 20 year old 30 years in the future; that is, when he reaches 50. To the extent that future environmental conditions or health-provision services do not mimic those of the past, our estimates may underor overstate the actual changes and the estimated changes in health capital. Future improvements in health services imply that our estimates may underestimate health capital. On the other hand, continued environmental deterioration would imply an opposite bias. Table 4 indicates that over this five year period, the average health capital of the population (the expected discounted years of life remaining) increased for each of the five countries we considered, reflection mortality improvements. However, the U.S. actually has the lowest per-capita expected discounted years of life remaining of the five countries (rows 1 and 2). This is because the average person in the U.S. is older and faces higher mortality rates.
China experienced the most modest mortality improvements, both in percentage and absolute terms.
It Table 5 we present the components of comprehensive investment, including health capital, in per capita terms. For each country, the value of health capital (the level, not the change) is an order of magnitude larger than the combined value of all other forms of capital.
For the U.S., the per-capital value of health capital is $6.3 million (the value of a statistical life)
as compared to about $20 thousand for natural capital, $50 thousand for reproducible capital, and $225 thousand for human capital. This is an important point, one that is robust to sensitivity analysis. For the U.S., one would need to assume that the value of a statistical life was about 1/20 th the size of the value given in the literature in order for the per-capita value of health capital to be similar in value to theother forms of capital. The intuition here is that, on average, Americans own 6.3 million dollars of health capital each, but only 0.3 million dollars of all other forms of capital -including human capital.
What matters for sustainability are the changes in the values of the various forms of capital. According to our estimates, all five nations experience gains in health capital. For all of the countries except Venezuela, the increases in per capita health capital are larger than the per capita change in any other form of capital. For Venezuela, the increase in per capita health capital is smaller than the loss in per capita natural capital.
Accounting for health importantly affects the estimates for the growth rate in per capita comprehensive wealth. Before adjusting for TFP growth, this growth rate is small and positive for each country once health is accounted for. This is because health gains were small and positive for each country and health capital dominates all other forms of capital combined.
However, Venezuela would still fail the sustainability criterion due to the negative TFP growth rate estimate.
Displaying the other forms of capital in per capita terms as in Table 5 reveals some other interesting features. For example, the natural capital decrease in Venezuela appears much more severe in per capita terms because the population increased by over 10 percent during the 1995-2000 period. Note also that in the United States, while the loss of natural capital comes to only about one thousand dollars per person, the oil capital loss (due to the increase in future prices) is nearly five times that amount. One of our main conclusions is that health capital is very large relative to other forms of capital, and that its growth rate largely determines the growth rate of comprehensive wealth.
Sensitivity Analysis
Conclusion
This paper has presented and applied an original framework for determining whether a given nation satisfies a reasonable criterion for sustainability. We define sustainability in terms of the capacity to provide well-being to future generations. The indicator of this capacity is a comprehensive measure of wealth -one that includes both marketed and non-marketed assets.
The sustainability criterion is satisfied if this comprehensive wealth measure is increasing on a per-capita basis.
We advance the theory of growth accounting by providing a consistent framework that incorporates population growth, technological change, human capital, and environmental quality.
Two additional innovations are the treatment of health as a kind of capital (see Section 4.4.2) and the incorporation of the effects of expected capital gains in natural resource stocks arising from the fixity of their supply in the face of continued demand (see Section 4.2).
We face significant challenges in applying the theory empirically. Despite the significant uncertainties, we are able to arrive at empirical estimates that, in our view, provide meaningful insights as to the extent to which various countries have achieved sustainability. Our results imply that the United States, China, and India are, so far, meeting the sustainability criterion. In our estimates, Brazil also meets the requirement, though by a narrow margin. The depletion of Venezuela's natural resources exceeds its investment in human and reproducible capital. In the United States, China, and India, on the other hand, investment in human capital (primarily in the United States and India) and in reproducible capital (primarily in China) significantly outweigh the adverse wealth effects from natural resource depletion and from higher oil prices to these net importers. Our explorations of health capital lead us to the finding that the value of this capital is more than twice as large as all other forms of capital combined. As a result, health capital's growth rate largely determines the growth rate of comprehensive wealth.
We recognize that many limitations remain in our approach. On the theoretical side, the analysis of health capital is an innovation that will require much further study to understand.
The results so far suggest that health capital magnitudes and their changes swamp other considerations. It is very likely that this is an important observation, but it has not yet been embodied into a persuasive theoretical framework to clarify its significance. We must therefore consider the results on health capital to be suggestive and an invitation to future research.
Three empirical issues deserve mention as well. First, the validity of the empirical results on sustainability and wealth measurement is constrained by the severe limits of the available data. Measurement of most of the variables comes from surveys and reports of varying degrees of reliability and conceptual consistency. These limits hold even for the quantity variables but even more severely for the shadow prices. Thus, we make human capital depend only on education, though it is well established that they also depend on work experience and on 31 conditions of family upbringing. Health capital is measured only by mortality (one of the more reliable figures), but satisfaction from health depends on the length of illnesses and on the degree of comfort and functionality brought about by medical treatment and by changes in the provision of public goods (e.g., accessibility requirements).
Second, the aggregation of various kinds of consumption and capital goods, though common throughout macroeconomic analysis, may give rise to biases of unknown magnitude.
These problems may be especially important in measurement of total factor productivity, which plays a significant role in our results.
Third, it should be recognized that the analysis was devoted to the development of productive capacity over time for a given nation. It was not immediately intended to make comparisons among nations, though it is clearly relevant to that purpose. In particular, the comparisons of value of statistical life and therefore health capital per capita across countries cannot be taken to be definitive. 
